The interaction between an intact protein and two lipophilic ions at an oil-water interface has been investigated using cyclic voltammetry, impedance based techniques and a newly developed method in which the biphasic oil-water system is analyzed by biphasic electrospray ionization mass spectrometry (BESI-MS), using a dualchannel electrospray emitter. It is found that the protein forms interfacial complexes with the lipophilic ions and that it specifically requires the presence of the oil-water interface to be formed under the experimental conditions. Furthermore, impedance based techniques and BESI-MS with a common ion to polarize the interface indicated that the Galvani potential difference across the oil-water interface significantly influences the interfacial complexation degree. The ability to investigate protein-ligand complexes formed at polarized liquid-liquid interfaces is thus a new analytical method for assessing potential dependent interfacial complexation using a structure elucidating detection principle.
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The behavior of biological macromolecules at liquid-liquid interfaces has important implications in the pharmaceutical sciences. It is for example well-known that proteins adsorb at a wide variety of interfaces, 1-4 a process that can have unwanted consequences such as a loss of therapeutic activity due to denaturation and aggregation.
4,5 Two-phase systems are at equilibrium generally associated with an interfacial potential difference, 6 in the following referred to as the Galvani potential difference between a water (w) and oil (o) phase at equilibrium; ∆ o w φ. The value of ∆ o w φ can influence adsorption kinetics and/ or adsorption isotherms. 7 Electrochemistry at Interfaces between two immiscible electrolyte solutions (ITIES) provides an effective methodology for studying potential dependent adsorption and ion transfer processes. [8] [9] [10] [11] [12] In relation to protein research, electrochemistry at ITIES have been used to study protein adsorption, 13 protein adsorption kinetics, 7 the effects on transfer of aqueous ions, 14 and the assisted transfer of proteins to the oil phase. [15] [16] [17] [18] Recently, electrochemistry at ITIES has been used for detecting proteins in solution by means of a protein assisted transfer of organic anions into the water phase at positive potentials.
19-22 A suggested mechanism for the organic anion transfer involves the formation of a protein-anion complex at the interface. 22 Usually electrospray ionization mass spectrometry (ESI-MS) involves an aqueous solution which by application of a high voltage is sprayed into a mass analyzer. Recently, the development of a new biphasic electrospray interface has allowed interfacial complexes in two phase systems to be analyzed using a mass spectrometer; the new technique is termed biphasic electrospray mass spectrometry (BESI-MS). [23] [24] [25] [26] The combined use of BESI-MS and electrochemistry at ITIES is attractive as it allows studying quantitative mechanistic aspects of adsorption and ion transfer processes as well as structural characteristics of complexes formed at the interface. However, the usual experimental conditions in * To whom correspondence should be addressed. E-mail: hj@farma.ku.dk (H.J.); hubert.girault@epfl.ch (H.H.G. electrochemistry (high salt concentration) and BESI-MS (volatile buffer systems) are not compatible, and great care should thus be taken when combining data using the two techniques.
In this work we have studied the electrochemical responses obtained at an ITIES under conditions which are directly compatible with those used in a BESI-MS experiment. Further, we demonstrate the utility of BESI-MS with proteins and show for the first time the direct detection of a complex formed between an intact protein and small ionic species at a liquid-liquid interface. The effects of different Galvani potential differences on the adsorption of lysozyme are also investigated and the correlation between potential difference controlled protein adsorption and complex formation is investigated by means of an imposed distribution potential in the BESI-MS. The proposed model is summarized in Figure 1 .
EXPERIMENTAL SECTION
Reagents. Deionized water (18.2 MΩ cm) was obtained from a Millipore Milli-Q system (Millipore, Bedford, MA) and acetic acid from Sigma (St Louis, MO). Lysozyme and the organic solvent 1,2-dichloroethane (1,2-DCE) were obtained from Fluka Chemie (Buchs, Switzerland). The organic salts BTPPATPBCl and BTPPATPFB were synthesized from bis(triphenylphosphoranylidene)ammonium chloride (BTPPACl) (Fluka Chemie) and either potassium tetrakis(4-chlorophenyl)borate (KTPBCl) (Fluka Chemie) or lithium tetrakis(pentafluorophenyl)borate (LiTPFB) (Boulder Scientific Company, Mead, CO), respectively. Electrochemical Setup. Voltammetric and potential scan methods were carried out as previously described, 7 using a four electrode potentiostat PGSTAT30 (Autolab, Eco Chemie B.V., Utrecht, The Netherlands) and a custom-made glass cell from EuroGlas (Karlslunde, Denmark). The surface area of the organicaqueous interface was 1.4 cm 2 and the temperature was maintained at 25 ± 0.5°C by placing the cell in a water jacket. The Galvani potential difference (∆ o w φ) was controlled using two Ag/ AgCl reference electrodes, one in the aqueous phase and one in a reference phase in contact with the 1,2-DCE phase (Scheme 1). The two counter electrodes were made of pure platinum and situated at each side of the interface. All potentials are taken with point of reference in the aqueous phase, so that a positive potential corresponds to a more positive potential for the aqueous phase relative to the potential of the oil phase. The potential is adjusted to the Galvani potential scale by fixing the potential of zero charge (pzc) of the cell without lysozyme at ∆ o w φ ) 0.
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The transfer of ions was measured as an increase or decrease in direct current, where a positive current corresponds to transfer of a positive charge from the aqueous phase to the organic phase, or a negative charge transferred in the opposite direction. Capacitance-potential curves were obtained by measuring the real and imaginary current response from a sinusoidal voltage amplitude of 5 mV (rms) and a frequency of 6 Hz at a range of potential values. In the absence of ion transfer across the interface, the total impedance can be considered as a resistor and capacitor in series. The interfacial capacitance (C) is then obtained as follows:
where Z Im is the imaginary part of the impedance and ω is the angular frequency calculated as the applied frequency times 2π. Biphasic Electrospray MS. The setup used was as described previously. 23 In short, the two liquids, 1,2-DCE and water, are forced through separate channels, using two 100 µL syringes (Hamilton, Bonaduz, Switzerland) and a syringe pump (KdScientific, Holliston, MA). The two channels, and thus the two liquids, are joined at the tip of a polyimide microchip from DiagnoSwiss SA (Monthey, Switzerland) and sprayed onto the MS-interface at a combined flow rate of 2 µL/min controlled by the pump. The mass spectrometer was a LCT time-of-flight mass spectrometer (Micromass, Manchester, UK) with the commercial electrospray source being replaced by the microchip described above. The high voltage (3.5 kV) was connected to the stainless steel needle of the syringe containing the water phase. The temperature was set at 25°C and mass spectra were averaged over 5 min to obtain good quality spectra.
RESULTS AND DISCUSSION
Cyclic Voltammetry. Usually the experimental conditions in electrochemistry and mass spectroscopy are not compatible. Electrochemical experiments often require relatively high con- ), the colored groups on lysozyme represents positively (blue) and negatively (red) charged amino acids at the investigated pH value of 2.81, as calculated from reference. 27 The horizontal line corresponds to the interface separating water (top) and 1,2-DCE (bottom) and also represent increasing interfacial potential difference in the direction to the right. In the order of increasing ∆ o w φ the events depicted thus correspond to, (i) adsorption of lysozyme which happens within the entire potential window, but increasingly so at ∆ o w φ > pzc, as evident from capacitance scans (ii) formation of an interfacial complex between lysozyme and one or more organic anion molecules, as investigated by BESI-MS (iii) assisted transfer of the organic anion to the water phase where it is bound to adsorped lysozyme, gives rise to the forward prepeak in the cyclic voltammogram (iv) the forward main peak is the result of an assisted ion transfer which is less favorable, and which ultimately leads to precipitation of lysozyme (v) the complex then may diffuse to the bulk phase.
centrations of organic and inorganic ions to render the phases electrically conductive. However, ESI-MS has a low tolerance to such species as these ions will greatly reduce, or completely suppress, the signal of ions from the compound of interest. 29 Therefore, the electrochemical setup was modified to closely resemble more optimal MS conditions. The composition of the aqueous phase in the MS and electrochemical experiments were kept the same: 0.5% (v/v) acetic acid ±100 µM lysozyme. The aqueous acetic acid solution has a measured pH of 2.81 corresponding to an ionic strength of ∼1.5 mM which is sufficient for a polarization of the interface to be established. The electrochemical response of the cell (Scheme 1.) with and without lysozyme in the aqueous phase is shown in Figure 2 .
Without lysozyme the potential window is limited by the transfer of acetate ions from the water phase to the 1,2-DCE phase at negative potentials (to the left), and by the transfer of the H + ion from water to the 1,2-DCE phase at positive potentials. Upon addition of lysozyme to the aqueous phase the voltammogram changes markedly (Figure 2 ). On the forward (f) scan a prepeak (pp) is observed at ∆ o w φ pp,f ) 0.27 V followed by a main peak (p) at ∆ o w φ p,f ) 0.46 V. On the reverse (r) scan a large negative peak is observed with a maximum at ∆ o w φ p,r ) 0.11 V. The forward peak, prepeak and reverse peak has previously been observed at comparable pH values employing a similar procedure, but with lower concentrations of lysozyme and with LiCl and HCl as supporting electrolytes. 22 In that study it was concluded that the forward main peak originated from the formation of an interfacial complex and that the dissociation of the complex could be seen as the peak in the reverse scan.
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It was also found that the peak currents of the forward and reverse peaks increased linearly with the square root of the scan rate, indicating that these processes are diffusion controlled. The current response of the prepeak increased linearly with the scan rate, which is indicative of an adsorption process. 22 It was not possible to perform similar scan rate studies of the main forward and reverse peak in the present system as the observed peak currents were found to be strongly dependent on the number of repeated scans. The irreversibility between successive scans is probably due to precipitation of lysozyme, which could be seen as a white cloud at the aqueous side of the interface. Under the present conditions the precipitate was only observed after the potential had been raised beyond the onset of the forward peak (ca. 0.3 V in Figure 2 ). At least 50 scans could be repeated within the potential window without producing visible precipitate when the potential was kept lower than this value. If no external potential was forced on the interface (open circuit potential) precipitation was not observed, even 24hrs after lysozyme addition. By simply raising the potential from its open circuit value to ∆ o w φ p,f ) 0.46 V, the formation of precipitate could be observed to occur rapidly. The events leading to precipitation therefore seem to be related to the transfer of the organic anion on the forward scan at potentials higher than that of the prepeak, as will be discussed shortly. The main peak is accountable for the majority of the transfer of anions and the observed precipitation could be the consequence of the neutralization of the charged lysozyme at high potentials by multiple TPBCl -anions. Prepeaks in cyclic voltammetry are usually associated with adsorption of the product of the charge transfer process, 30 which is also the case at ITIES. Here, the prepeak suggests the transfer of TPBCl -followed by a specific interaction with lysozyme. In order to elucidate the mechanism experimentally, the scan rate dependence on peak current may be used. These experiments presented a challenge due to precipitation at the interface at potentials greater than ca. 0.3 V. However, if the potential is kept below ca. Figure 2 , and (ii) a peak on the return scan at potential ∆ o w φ pp,r ) 0.17 V, which is not observed clearly in the full voltammogram (Figure 2 ). The forward prepeak showed a linear peak current vs scan rate dependence in the region from 5 to 200 (mV/s) as seen from the fit in Figure 2 (left insert). This behavior is indicative of a process in which the transferred anion (TPBCl -) is strongly adsorbed. 31 As lysozyme is strongly adsorbed to this interface and is shown to form complexes with the anion in question, the adsorbed state might very well be an interaction between TPBCl -and adsorbed lysozyme, a process that in effect would give the same response. The current response of the prepeak on the reverse scan (∆ o w φ pp,r ) 0.17) exhibit a linear relationship with scan rates higher than 100 mV/s (Figure 2 , insert left) corresponding to the transfer of interfacially bound TPBCl -to the bulk 1,2-DCE phase. However the linear fit is displaced and does not intersect the origin as expected for a completely reversible process. A possible mechanism explaining this behavior could involve the desorption and diffusion to the bulk water phase of the lysozyme:anion complex. This depletion of TPBCl -from the water side of the interface results in near zero currents on the reverse scan. However, as the scan rate is raised and the time frame for each scan is lowered, the linear dependence of the peak current on the scan rate is in accordance with the transfer of adsorbed/complexed TPBCl -to the oil phase.
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Capacitance Potential Curves. Capacitance potential curves were obtained with and without lysozyme (Figure 3) . Upon addition of 100 µM lysozyme to the aqueous phase, the minimum of the curve, the potential of zero charge (pzc), shifts ca. 50 mV to lower potentials. A change in pzc is an indication of specific adsorption in accordance with an Esin-Markov effect. A shift of pzc to more negative potentials is expected for accumulation of positively charged particles at the aqueous side of the interface as has been demonstrated with charged TiO 2 particles. 32 Lysozyme has a pI value of 11.16 33 and thus carries a net positive charge at the experimental pH of 2.81, the capacitance potential results are therefore consistent with expectations. However, overall negatively charged proteins have also shown a positive shift in pzc, 7,34 probably due to preferential adsorption of positively charged domains of the protein. From the capacitance potential scan curves it can be observed that the difference in capacitance, before and after addition of lysozyme, is greatest at potentials more positive than the pzc. In contrast, at potentials in the negative direction capacitance values change much less. The difference in capacitance values reflect a change in charge density at the surface, which suggests that the positively charged lysozyme adsorbs much more at positive potentials than at negative potentials, as would be expected for an electrostatically governed adsorption. By comparison with previous theoretical analysis 35 it may be concluded that the adsorption of lysozyme is influenced by the imposed potential difference. Therefore lysozyme adsorption is favored at high potential, which is also in accordance with the scan rate studies.
Cyclic voltammetry and capacitance potential scans indicate that lysozyme adsorbs in most of the potential window and that at sufficiently high and positive potentials it will participate in assisted ion transfer of the 1,2-DCE supporting electrolyte, which in turn is involved in the precipitation of lysozyme. From these data it is not possible to finally conclude if the ion transfer involves the formation of an interfacial protein:ion complex, and details concerning the complex stochiometry of possible interfacial protein:ion complexes are unknown. We therefore utilize the BESI-MS technique to investigate the existence of such complexes under the present experimental conditions. BESI-MS of Lysozyme. Figure 4 (left) shows the BESI-MS mass spectrum of lysozyme in 0.5% (v/v) acetic acid in contact with 1,2-DCE. The spectrum resembles those obtained for lysozyme solutions without an oil phase, obtained with the same spectrometer (data not shown) and in other laboratories. 36 The spectrum is dominated by two peaks at m/z ) 1432 and m/z ) 1591 corresponding to the +10 and +9 charge states of lysozyme, respectively. From hydrogen-ion titrations an overall positive charge of around 10 for lysozyme is expected in solution at the measured pH of 2.81 and low ionic strength. 33 However, the apparent correspondence between the expected charge in solution and measured charge on the MS is coincidental. Solution pH does not fix the charge state of the protein in the gas phase of the MS as can be realized from the fact that similar patterns in MS-spectra have been observed for lysozyme at both neutral and acidic pH 36 and negative charge states can be observed at acidic pH, when operating the MS in negative ion-mode. 37 However, an important factor governing the charge state distribution in the MS-spectrum is the conformation of the protein in solution. 38, 39 The observation of only a few peaks, serves as evidence for a folded (native) protein, while the observation of broadly distributed charge states of high charge is an indication of denaturation.
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From these observations we conclude that lysozyme in this study was not significantly unfolded in any of the experiments.
Complexes of Lysozyme and TPBCl
In an attempt to detect directly the complex between the protein and the organic anion TPBCl -, the anion was dissolved in 1,2-DCE as the BTPPATPBCl salt. Figure 4 (right) shows the effect of adding 10 µM BTPPATPBCl to the oil phase. To the far left, outside the depicted axis, the organic cation is found (m/z ) 539) as the peak with highest intensity. The other new peaks in the spectra are those corresponding to complexes between lysozyme and the organic anion TPBCl -. The complexes observed are in order of decreasing intensity; 1:1, 1:2, and 1:3 (lysozyme:TPBCl). To investigate if higher order complexes could be formed, the concentration of BTPPATPBCl in the organic phase was changed to 1 mM, but this did not result in additional peaks (data not shown). Care should be taken when interpreting the observed complexes on the MS as the analytes are transferred from a solution, in this case a biphasic solution, into the gas phase. The molecular interactions in solution are dominated by hydrogen-bonding, van der Waals forces and hydrophobic interactions, whereas electrostatic interactions are dominant in the gas phase.
29,40 Therefore, a control experiment was performed in which an aqueous phase of 0.5% (v/v) acetic acid, containing 10 µM of the anion TPBCl -as a water-soluble salt (KTPBCl) and 100 µM lysozyme was sprayed into the MS. The resulting mass spectra (data not shown) was equal to those for pure lysozyme in Figure 4 (left) and so did not contain any of the peaks assigned to lysozyme:TPBCl complexes. The fact that complexes did not form when both components were solubilized in the aqueous phase suggests that they are neither a gas phase event nor an aqueous phase event but specifically require the presence of the oil-water interface to form.
From these results it is not possible to gain information about the location of the TPBCl -binding site on lysozyme, but a tentative proposition can be made based on knowledge of the orientation of adsorbed lysozyme on other surfaces. Experiments indicate that adsorbed lysozyme orients itself in a way that results in a close proximity between the interface and several positively charged amino acids.
41,42 Monte Carlo simulations for lysozyme adsorption at a mica surface support these findings and suggest that Lys1, Arg14, and Arg128 constitute the strongest interactions to the interface, based on proximity. 43 It therefore seems sensible to speculate that these charged groups contribute to the binding of the organic anions by electrostatic interaction in accordance with the observation that a maximum of 3 anions are observed to be bound per lysozyme molecule.
Complexes of Lysozyme and TPFB -. The experiments discussed above with TPBCl -were repeated using TPFB -as the organic anion and the results are shown in Figure 5 . Again, new peaks are observed corresponding to formation of complexes. However complexes ranging from 1:1 to 1:5 (Lysozyme:TPFB) are found in these spectra. The results from the control experiment, where 10 µM LiTPFB was solubilized in the aqueous phase with lysozyme and acetic acid, also differed in that a 1:1 complex was observed in this case (data not shown). This peak is only about 25% of the intensity of the peak observed as a 1:1 complex in the original experiment (Figure 5 ), when both peaks are taken as relative to their base peak at 1432. Therefore, building on the discussion for TPBCl BESI-MS with a Polarized Interface. The results from the capacitance potential scans suggest that potential differences lower than ∆ o w φ) -0.05 V results in only a limited adsorption, whereas more positive potential differences result in a comparatively higher extent of adsorption. To test if this would also influence complexation, two additional BESI-MS experiments were conducted wherein the interface was chemically polarized to give either a more negative or more positive ∆ o w φ compared to the original system. To do this a salt containing a water-soluble ion and a lipophilic ion were added to the aqueous phase. The lipophilic ion was identical to one of the ions in the oil phase, a so-called common ion. The common ion was either TPBCl -or BTPPA + for both of which control experiments showed no detectable complexation with lysozyme when dissolved in the aqueous phase. In this way a distribution potential is established according to the Nernst equation. In the specific case of the common ion TPBCl . 45 The results for the negatively polarized interface are shown in Figure 6 (left). With focus on the complexes formed with the 10+ lysozyme the data from these experiments are compared (Table 1) to that of the interface that is not polarized.
It is evident that lowering the potential with respect to the open circuit potential difference, results in decreased complex formation, and vice versa for raising the potential. As discussed earlier, the complexes detected utilizing the BESI-MS method reflect events at the interface of the biphasic system. The results are in accordance with the capacitance potential scan (Figure 3) , where the adsorption of protein to the interface was correlated with an interfacial potential difference. In this interpretation the lower potential difference results in less adsorption of lysozyme, as concluded from the small change in capacitance, and therefore less protein available for interacting at the interface. On the other hand, at highly positive potentials, more lysozyme is expected to accumulate at the interface which is in agreement with the increased amount of complexes observed. ) to the value of the lysozyme peak at m/z ) 1432, the expected value of the complexes formed between this charged lysozyme and the organic anion TPFB -were found. Complexes from 1:1 to 1:5 are observed for all major lysozyme charge states in the spectra.
CONCLUSIONS
The present work investigated the interfacial interaction of the lipophilic ions (TPBCl -and TPFB -) with the surface active protein lysozyme occurring at an oil-water interface. In addition, the effect of the interfacial potential difference on adsorption of lysozyme, and complex formation, at the oil-water interface was studied using a combination of electrochemical methods and BESI-MS. It was found that electrostatic interactions play a major part in the adsorption of lysozyme at the water-1,2-DCE interface, which is in accordance with its adsorption on many other surfaces. As a consequence it was possible to obtain partial control of the adsorption of the protein by controlling the interfacial potential. It was for the first time possible to directly detect a protein-ligand complex formed at an oil-water interface employing MS-detection and to study the dependence on an imposed interfacial potential difference on the complexation. It was shown that the formation of complexes specifically required the presence of the oil-water interface. From an analytical point of view the BESI-MS technique appears promising in different aspects of studying interactions at liquid-liquid interfaces: (i) as an analytical tool with all the possibilities that classical MS offer, for example, MS/MS could be used to discover the exact site on the protein where the anion interacts, (ii) as a potential tool to study interactions involving membrane proteins, which is, for example, important in the search for and characterization of drug targets, and (iii) for investigating the effect of an interfacial potential difference on complexation, which is likewise of interest when considering membrane proteins, as well as in relation to two phase drug delivery systems.
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